Feline carpal ligament injuries are often diagnosed indirectly using palpation and stress radiography to detect whether there is instability and widening of joint spaces. There are currently no reports describing normal feline carpal ligament anatomy and the magnetic resonance imaging (MRI) appearance of the carpal ligaments. The objective of this prospective, anatomic study was to describe normal feline carpal ligament anatomy using gross plastinated specimens and MRI. We hypothesized that MRI could be used to identify the carpal ligaments as previously described in the dog, and to identify species specific variations in the cat. The study was conducted using feline cadaver antebrachii that were radiographed prior to study inclusion. Three limbs were selected for MRI to confirm repeatability of anatomy between cats. The proton density weighted pulse sequence was used and images were acquired in transverse, dorsal, and sagittal planes. Following MRI, the limbs were plastinated and a collagen stain was used to aid in identification of carpal ligament anatomy. These limbs were sliced in sagittal section, and a further six paired limbs were included in the study and sliced in transverse and dorsal planes. Anatomic structures were initially described using MRI and then subjectively compared with gross plastinated specimens. Readers considered the transverse MRI plane to be most useful for visualizing the majority of the carpal ligaments. Findings indicated that MRI anatomy of the carpal ligaments was comparable to plastinated anatomy; therefore MRI appears to be a beneficial imaging modality for exploration of feline carpal pathology.
INTRODUCTION
Feline carpal ligament injuries are often diagnosed indirectly by stress radiography and palpation. 1 However, there is variability between individual cats with the normal degree of carpal extension ranging from 10-25 degrees and therefore the contralateral carpus should be used as a point of reference. 1 In people, magnetic resonance imaging (MRI) has become an important imaging modality to assess injuries, such as carpal instability, disorders of the triangular fibrocartilage, ulnar impaction syndrome, distal radioulnar joint instability, fracture, avascular necrosis, tendinopathy, nerve entrapment, synovial abnormalities, and soft tissue masses. 2 This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited. The reported incidence of feline carpal injuries in one epidemiological study is 0.29%. 3 The antebrachiocarpal joint is most commonly injured, followed by the carpometacarpal and middle carpal joints. This is often manifested as hyperextension injury at the level of the carpometacarpal joint, and medial collateral ligament sprain. 1 Reports in the literature on the diagnosis and treatment of feline carpal ligament injuries are limited to case reports and a few case series focusing on epidemiology and outcomes following treatment with pan-carpal or partial carpal arthrodesis. [3] [4] [5] [6] [7] Studies describing the appearance of the canine and equine carpus with MRI have been published. [8] [9] [10] The objectives of this study are to describe normal feline carpal ligament anatomy and to compare Vet Radiol Ultrasound. 2018;59:597-606.
wileyonlinelibrary.com/journal/vruappearance of the ligaments in magnetic resonance images with the appearance in gross plastinated specimens.
MATERIALS AND METHODS

Subject selection
The study was a prospective, anatomic design. Overall 13 feline cadaveric forelimbs were harvested from mature cats after they had been euthanized for reasons unrelated to the study in accordance with guideline GL001 from the University of Sydney animal ethics committee. Sample size was based on the methodology of a previous similar study. 8 These were Domestic Short Hair cats ranging in size from 3.5 to 5.0 kilograms. Three limbs were selected for the pilot study so that each could be sectioned in standard transverse, sagittal, and dorsal sections, allowing the authors to assess the suitability of the plastination process in identifying small anatomical structures. The authors selected nine limbs for inclusion in the final study to account for anatomical differences between cats, and three limbs had MRI performed. Inclusion criteria were the absence of preexisting articular diseases based on lack of radiographic findings of the carpus and manus. Exclusion criterion was the presence of suspected soft tissue abnormality during the MRI. The inclusion criteria were agreed upon by a veterinary surgery resident, a board certified veterinary surgeon, and a board certified veterinary radiologist (J.M.P.).
Pilot study of the epoxy plastination process
Three feline cadaver limbs were used in a pilot study to evaluate the epoxy plastination process. A scientific officer (G.B.) with experience in the plastination process prepared sections for study inclusion. The forelimb serial sections were produced following a previously published process of freeze substitution, dehydration, degreasing, impregnation, and curing (Biodur standard E12). 11, 12 The limbs were set in 20% gelatin blocks to facilitate handling and correct orientation of the limbs during the slicing process. The limbs were then frozen to -80 • C before slicing using a band saw (Thomson 400 band saw, Thompson Meat Machinery, Crestmead, Qld, Australia) and 0.8 mm thick band saw blade. Slices were cut at a thickness of 1.5 ± 0.1 mm before cleaning and then transferred in to -25 • C technical grade acetone for freeze substitution dehydration for a period of 7 days. They were transferred to room temperature to undergo degreasing of the tissue. After 5 days the slices were stained before being transferred in to a clean bath of technical grade acetone. The degreasing process was continued until the acetone stabilized above 99% purity. Slices were then impregnated and surrounded with an ice bath inside a vacuum chamber at room temperature for 24 h before being cast via the sandwich method and subsequently cured for three days at 40 • C.
The first series of plastinated specimens were unstained, however, it was difficult to distinguish the off-white ligaments from the sur- 
Pilot study of the magnetic resonance imaging protocol
A pilot study was performed on a single, cadaveric feline forelimb using a three Tesla MRI (GE Healthcare Milwaukee, USA, Model Discovery MR750) in order to subjectively evaluate the anatomy with multiple sequences including T2, short tau inversion recovery and proton density weighted (specifications noted in Table 1 ). The proton density weighted sequence was selected for the final scans given the higher signal-to-noise ratio.
Comparison between magnetic resonance imaging and plastinated specimen anatomy
Three feline cadaver limbs were transected at the level of the midantebrachium and fixed for 24 h in 20% gelatin prior to MRI. A 3 Tesla MRI (GE Healthcare Milwaukee, USA, Model Discovery MR750) was used to scan three gelatin embedded limbs with the carpus in extension using a human wrist coil (specifications noted in Table 1 to the articular surface of the radius and planned on dorsal and sagittal planes. The sagittal plane was aligned parallel to the lateral surface of the accessory carpal bone and was planned using transverse and dorsal planes. The dorsal plane was parallel to the dorsal surfaces of the carpal bones and was planned using transverse and sagittal planes. The images were saved as Digital Imaging and Communications in Medicine (DICOM).
The limbs were processed using the same plastination protocol that was described in the pilot study above. Each of the limbs was sliced in sagittal section with a 1.5 mm slice thickness. The contralateral limbs were initially included in the study, however, due to temperature dependent changes in the gelatin, these were unable to be sectioned in transverse and dorsal planes. Six further limbs were selected for study inclusion and, following plastination, three were sectioned in the transverse and three were sectioned in the dorsal plane. An eosin stain was used which stained the collagen, muscle, and cytoplasm as varying shades of orange and pink.
A board certified veterinary radiologist viewed all of the magnetic resonance images using medical imaging software (OsiriX, Pixmeo SARL, Bernex, Switzerland) on a desktop (Mac Pro 3.5 GHz 6-core Intel Xeon), viewed with a medical monitor (Eizo, RX340, North Sydney, Australia), and identified ligaments in each scan using previously reported canine ligament anatomy as a guideline. 8, 13, 14 This was completed using a dissection microscope (Olympus S261 dissection microscope, Olympus, Dandenong, Victoria, Australia) at two times 
TA B L E 3 Descriptions of ligament origins, insertions, orientation and optimal imaging plane
Ligament
RESULTS
Magnetic resonance imaging anatomy of feline carpal ligaments
Abbreviations for feline carpal ligaments are defined in Table 2 .
Ligaments were identified as hypointense bands and their origin and insertions were described using multiple magnetic resonance planes and the plastinated specimens as described in Table 3 
Comparison between magnetic resonance anatomy and plastinated specimen anatomy
The ligaments appeared as dark red striated bands in the plastinated specimens. Locations and characteristics of carpal ligaments visualized in the plastinated specimens were comparable to those visualized using MRI.
DISCUSSION
To the authors' knowledge, this is the first published report describing normal feline carpal ligament anatomy using high field MRI, plastinated anatomic specimens, and previously published references for ligament origins and insertions in the dog. 14 The current standard diagnostic tests for suspected carpal instability in feline patients include stress radiography (varus/ valgus stress tests for suspected short radial and ulna collateral ligament injuries, extension/ flexion stress for suspected carpal hyperextension injuries with damage to the F I G U R E 5 Magnetic resonance image; dorsal plane sectioned at the mid antebrachium. The palmar ulnocarpal ligament can be seen extending from the medial aspect of the distal ulna to the proximolateral aspect of the radial carpal bone [Color figure can be viewed at wileyonlinelibrary.com] palmar carpal fibrocartilage) and computed tomography. 3 One previous report described the use of arthroscopy in the feline elbow with a 1.9 mm 30 degree fore oblique arthroscope, however no published studies describing arthroscopic evaluation of the feline carpus were found. 15 Stress MRI could possibly be used to directly assess articular stability in addition to carpal ligament morphology, however it was not considered feasible in the current study due to the difficulty in selectively transecting the small feline carpal ligaments and prolonged general anesthesia in a live patient.
In the cat, the short radial collateral ligament is important for resisting palmar dislocation of the radial carpal bone and rupture of the short radial collateral ligament and dorsomedial joint capsule alone can result in complete antebrachiocarpal luxation. 6, 7 The medial collateral ligament counteracts valgus stress and prevents dislocation of the carpal bones in a palmar direction. 1 The value of directly F I G U R E 6 Magnetic resonance image; sagittal section at the mid antebrachium. The origin and insertion of the palmar radiocarpal ligament can be seen extending from the palmar aspect of the radius to the radial carpal bone [Color figure can be viewed at wileyonlinelibrary.com] assessing the carpal ligaments in a clinical context is that it may assist in the management of feline carpal injuries.
The recommendation in veterinary musculoskeletal imaging is to use a 1.5 Tesla MRI or higher, and to use quadrature surface coils. 16 The authors have access to both low and high field MRI, however high field was preferentially chosen because the feline carpus is a small anatomical area that benefits from the improved signal-tonoise ratio, resulting in increased image resolution and decreased exam time. 17 In a previous study of the equine carpus, high field MRI was preferred because it allowed for identification of some structures not seen with low field MRI, such as layers of the carpal fascia. 10 Previous studies have used plastinated sections for comparison with different imaging modalities. 10, 18, 19 There have been reports whereby gross frozen specimens were cut at different slice thicknesses, however the concern in this study is that although this would provide an appropriate image of muscle and bone, the ligaments are difficult to identify without special stains. 20 The plastination process allows for staining of tissue slices and the specimens were preserved and sliced to 1.5 mm thickness. 21 This technique has been previously utilized for correlation of anatomy and magnetic resonance tomography imaging in descriptive anatomical studies in people. 22 Proton density images display tissue contrast based on the density of protons within each tissue. 27 The proton density sequence was selected for use in this study because the high signal-to-noise ratio allowed for maximal spatial resolution and anatomic detail. 23, 28 These sequences have a long relaxation time with a short echo time that allows for high signal-to-noise ratio consequently permitting the acquisition of thinner slices. Normal ligaments are generally homogenous with low signal (hypo-intense); however this varies with the sequence and density of collagen bundles within the ligament. 23 The ligaments varied in signal intensity with the AMLs being more hypointense than the intercarpal ligaments, and the short radial collateral ligament varying in signal intensity from a grey to black hypo-intense band. In this study, the intermediate signal intensity of the intercarpal ligaments was suspected to be due to their small size and volume averaging with high signal intensity synovial fluid. 23 In a clinical setting where there is pathology, multiple imaging sequences and planes would be recommended. Further studies are required in order to verify the sensitivity of sequences in the diagnosis of carpal ligament injury.
The carpi were imaged using dorsal, transverse, and sagittal planes with the limb in a neutral position and in the center of wrist coil.
This is similar to recommendations in people, in which the dorsum of the hand must be parallel to the coronal plane of the magnet (prone 'superman' position). 2 The carpal ligaments have different orientations and in order to display those ligaments in a representative way, the transverse plane to the direction of the ligament reduces the impact of volume averaging therefore displaying the anatomy more objectively. The transverse plane has been noted as the most useful plane for identification of soft tissue structures by previous authors that described the anatomy of the canine tarsus. 20 The obliquity of some ligaments also means that they are unable to be seen in their entirety. 18 In this study, the transverse plane allowed for identification and The radioulnar ligament was easily identified however we were unable to verify the presence of a fibrocartilage articular disc in the gross specimens. 8, 24 To the author's knowledge, the presence of a fibrocartilage disc has not been described in domestic cats but has been identified in one study of the cheetah antebrachiocarpal joint. 25 Previous histological studies in dogs have found that the articular disc is synonymous with the triangular cartilage complex in people.
Macroscopically it has the appearance of cartilage and microscopically it is composed of fibrocartilagenous tissue. 26 The role of this disc is speculated to be improved congruency between the distal end of the radius and ulna, and to allow for load transmission from the carpus to the antebrachial bones. 26 A potential limitation of this study is that although plastination is useful for descriptive anatomy, histopathology and the use of a dedicated cartilage stain would have provided more information regarding the presence of this disc.
Cadaveric limbs were used in the study and underwent a freezethaw cycle, which means that there is hydrogen atom loss in the form of water and the potential for imaging artifact. 29 The 
